Gene 5 protein of bacteriophage T7 is a nonprocessive DNA polymerase. During infection of Escherichia col, T7 annexes the host protein thioredoxin for use as a processivity factor for 17 DNA polymerase. We describe here a genetic method to investigate the interaction between T7 gene 5 protein and E. cofl thioredoxin. The strategy is to use thioredoxin mutants that are unable to support the growth of wild-type T7 phage to select for T7 revertant phage that suppress the defect in thioredoxin. A thioredoxin mutation that replaces glycine at position 74 with aspartic acid fails to support the growth of wild-type T7. This mutation is suppressed by six different mutations within T7 gene 5, each of which results in a single amino acid substitution within gene S protein. Three of the suppressor mutations are located within the putative polymerization domain of gene 5 protein, and three are located within the putative 3'-to-5' exonucleolytic domain. Each sup pressor mutation alone is necessary and sufficient to confer the revertant phenotype.
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The efficient polymerization of nucleotides at a replication fork is best accomplished by a highly processive mechanism of DNA synthesis. Processive DNA synthesis can lead to the incorporation of thousands of nucleotides in a single binding event between a DNA polymerase and a primer-template. In contrast, a completely nonprocessive DNA polymerase dissociates after the incorporation of a single nucleotide. In Escherichia coli, the DNA polymerase III holoenzyme consists of 10 polypeptides, with the 13 and r subunits and the five-polypeptide 'y complex being required for processive polymerization (1, 2) . Processivity of the bacteriophage T4 DNA polymerase, the product of gene 43 , is increased by three accessory proteins, the products ofT4 genes 44, 62, and 45 (3, 4) . The DNA polymerase of herpes simplex virus type 1 requires the viral UL42 gene product for processive DNA synthesis (5) . The mammalian DNA polymerase, polymerase 8 , interacts with the proliferating cell nuclear antigen (PCNA) and replication factor C (RF-C) to increase its processivity (6) (7) (8) (9) . The yeast analogs of mammalian PCNA and RF-C interact with yeast DNA polymerase III to increase the processivity of DNA synthesis (10, 11) .
The DNA polymerase of bacteriophage T7, the subject of this communication, is the 80-kDa product of the viral gene 5 (12) . The gene 5 protein has low processivity, dissociating from the primer-template after catalyzing the incorporation of 1-50 nucleotides (13) . Upon infection, phage T7 annexes a host protein, thioredoxin, as a processivity factor for the gene 5 protein (14, 15) . E. coli thioredoxin binds tightly (Km = 5 nM) to T7 DNA polymerase in a 1:1 stoichiometry. Thioredoxin stabilizes the binding of gene 5 protein to a primer-template by 20-to 80-fold and increases the processivity of polymerization by 1000-fold (13, 16) . The characteristics of the gene 5 protein-thioredoxin interaction-a high affinity, a 1:1 stoichiometry, and the ability to form a stable complex without an energy requirement-make it an attractive model for examining the mechanisms involved in processivity.
Thioredoxin, the 12-kDa product of the trxA gene of E. coli, contains two reversibly oxidizable cysteine residues and functions as a general protein disulfide oxidoreductase within the cell (17) . The three-dimensional structures of oxidized (18) and reduced (19) thioredoxin are known. Oxidized thioredoxin does not interact with T7 DNA polymerase (20) . One surface of the thioredoxin molecule is especially flat and hydrophobic, and it has been suggested that this surface of thioredoxin provides a binding area for interactions between thioredoxin and other proteins (21) . Thioredoxin is also required for filamentous phage assembly (22) .
To dissect the gene 5 protein-thioredoxin interaction, Huber et al. (23) In the present study, we have isolated mutant gene S proteins that are altered in their interaction with E. coli thioredoxin. Our approach has been to isolate T7 revertants that can grow on E. coli cells harboring a mutant thioredoxin that does not support the growth of wild-type T7 phage. We propose that the positions of the parental (thioredoxin) and the suppressor (gene 5) mutations will define, at least in part, the sites of interaction between the two proteins or will permit the identification of biochemical properties affecting processivity. 13 . E. coli strains and bacteriophage 17-infected cells were grown in LB medium (27) at 37°C. M13 phage-infected cells were grown in 2x YT medium (27) at 37°C. T7 revertants were isolated at 37°C.
MATERIALS AND METHODS
Genetic Manipulations. P1 transductions (27) and purification of E. coli chromosomal DNA (28) were as described. T7 suppressor mutations were mapped by marker rescue as follows. The revertant phages were grown within E. coli HMS231(pGP5-3), a female E. coli strain harboring a plasmid containing a wild-type T7 gene 5 (13) . The phages in the resulting lysate were plated at high dilution to produce single plaques. Individual plaques were picked, and the phages were screened for the inability to grow on E. coli SB2111, a thioredoxin mutant that replaces the glycine residue at position 74 with an aspartic residue (22) , which cannot support the growth of wild-type T7 phage. Phages which were unable to grow on the E. coli SB2111 host represented wild-type recombinants that arose by a double-crossover event between the suppressor phage and the plasmid pGP5-3. The double-crossover replaced or rescued the suppressor mutation on the phage with its wild-type allele on the plasmid. The presence of wild-type recombinants in a high proportion of the phage lysate indicated that the suppressor mutation was located within gene 5.
DNA Sequence Determination. To locate the position of the revertant mutations within the T7 genome, T7 DNA was purified (29) , and the DNA sequence was determined as described (30) , except that annealing the sequencing primer with the double-stranded template was carried out by heating the primer-template mixture at 950C for 3 min followed by cooling at 370C for 30 min.
To screen individual plaques for the presence or absence of a particular nucleotide alteration during the construction of site-specific gene 5 mutants by in vitro mutagenesis, rapid sequence determination of T7 DNA from single plaques was carried out in three steps. First, a fragment [-1 kilobase (kb)] of the T7 genome from a single plaque was amplified in vitro by PCR using AmpliTaq DNA polymerase (31) . Second, the amplified product was purified by the Geneclean kit (Bio 101, La Jolla, CA). Third, the DNA sequence of the amplified and purified fragment of T7 genome was determined by cycle sequencing (32) using TAQuence.
Site-Specific Mutagenesis of T7 Gene 5. In vitro mutagenesis of T7 gene 5 was carried out as described (24) . 17 gene 5 was cloned in M13, and site-directed mutagenesis was carried out by selection against the deoxyuracil-containing template strand (33) . The M13 phage, containing the desired gene 5 mutation, and a T7 phage, containing a gene 5 amber mutation, were used to coinfect the E. coli host MV1190. The resulting lysate was plated on a nonsuppressor strain ofE. coli to select for T7 phages harboring the desired gene 5 mutation. The desired gene 5 mutation was transferred from the M13 vector into the T7 genome through a recombination event that rescued the gene 5 amber mutation from the parental T7 phage and, through the same recombinational event, incorporated the desired gene 5 mutation into the 17 genome. RESULTS Construction of a pcnB-, AtrxA E. coli F-Strain. E. coli thioredoxin mutants were constructed by first creating an Fstrain that was pcnB-and AtrxA. Any desired thioredoxin mutant can then be constructed simply by transforming this strain with a plasmid which harbors the appropriate mutant thioredoxin allele. The F-genotype is required, since bacteriophage 17 productively infects only female cells. The pcnB-mutation, which reduces the copy number of pBR322 plasmids and its derivatives within a cell (25) , was used because a high copy number of the mutant thioredoxin gene will create less stringent selection conditions (23 Confirmation of the pcnB and AtrxA Alleles. The presence of the pcnB-allele in the E. coli JH20 genome was confirmed as follows. E. coli JH20 (pcnB-, AtrxA) and E. coli A307 (pcnB', AtrxA) were each transformed with the same plasmid (pBR322trxA7), which encodes an ampicillin-resistance gene. We compared the ability ofE. coli JH20(pBR322trxA7) and E. coli A307(pBR322trxA7) to grow on increasing concentrations of ampicillin. At an ampicillin concentration of 1 mg/ml, the number of viable cells ofE. coli JH20(pBR322trxA7) was 10-4 times the number of viable cells ofE. coli A307(pBR322trxA7).
At lower ampicillin concentrations (0, 50, and 200,ug/ml), the number of viable cells of E. coli JH20(pBR322trxA7) was equivalent to the number of viable cells of E. coli A307(pBR322trxA7). Presumably, the inability of E. coli JH20(pBR322trxA7) to grow at high concentrations of ampicillin was a consequence of a lower plasmid copy number within the cell.
The presence of the AtrxA307 allele in the E. coli JH20 genome was confirmed as follows. Chromosomal DNA from E. coli JH20 and E. coli MRi8O (the trxA+ isogenic parent of JH20) was prepared, and the genomic region that contains the thioredoxin gene was PCR amplified, using oligonucleotide primers that flanked the deletion. The upstream primer had a nucleotide sequence corresponding to a position between the rep and trxA genes of the E. coli genome (34) . The downstream primer was complementary to a region that is adjacent to the 3' end of the trxA gene (35) . The PCR products were separated by gel electrophoresis, and the DNA fragments were visualized by ethidium bromide staining. The PCR product from E. coli JH20 was approximately 800 base pairs (bp) shorter than the PCR product from E. coli MRi8O, and the predicted length of the deletion was 815 bp (22) . The PCR products from E. coli JH20 and E. coli MRi8O were analyzed physically by using the restriction enzymes Ava II and Bgl II. The restriction-fragment pattern matched the predicted restriction-fragment pattern (22, 36, 37 However, at a frequency of 5 x 10-4, T7 plaques appear that are able to grow on this G74D thioredoxin mutant (Table 1) . In earlier studies, Huber et al. (23), using a T7/T3 hybrid phage to enable productive infection of E. coli containing F factors, found that none of these three thioredoxin mutants supported T7/T3 phage growth at 37°C when the mutant thioredoxin gene was present in a single copy within the cell. Under these conditions, the efficiency of plating ofthe T7/T3 hybrid phage on a C32S, C35S thioredoxin mutant was 5 x 10-4. The 1000-fold difference between the plating efficiency of the T7/T3 hybrid phage on a C32S, C35S thioredoxin mutant versus the plating efficiency of wild-type T7 phage on a C32S, C35S thioredoxin mutant is puzzling. The difference may be a result of the replacement of genes 1.1 and 1.2 of T7 with genes 1.1 and 1.2 of T3 in the hybrid phage, or it could be a result of the different host E. coli strains.
Isolation and Identification of T7 Suppressor Mutations. E. coli SB2111 [trxA (G74D)] was used to select 10 T7 suppressors. Each suppressor phage contains a spontaneously generated mutation that compensates for the thioredoxin defect. All 10 suppressor mutations were located by marker rescue between nucleotides 14309 and 16747 of the T7 genome, a region containing the carboxyl terminus of gene 4.7, all of gene 5, and the amino-terminal half of gene 5.3 (38) .
The precise position of each suppressor mutation was determined by DNA sequence analysis ( Table 2) . Five of the mutant phages contained the same nucleotide alteration, which resulted in the replacement of glutamic acid at residue 319 of T7 gene 5 protein with lysine. These five suppressors (named 5-E319K) will be considered as a single isolate, since the 10 suppressor phages were not isolated independently. On the basis of the position of the suppressor mutations, we have separated the T7 suppressor phages into two classes ( Table 2 and Fig. 1 ). The first class of T7 suppressors (5-V3I, 5-V32A, and 5-A45T) contains mutations that reside within the amino-terminal half of gene 5 protein, a region which includes the putative 3'-to-5' exonuclease domain (24) . The second class of suppressors (5-E319K, 5-E319V, and 5-Y409C) contains mutations that reside within the carboxylterminal half of gene S protein, a region which includes the putative polymerization domain (24) .
Characterization of the T7 Gene 5 Mutants. All six strains of T7 suppressors, each strain harboring a different gene 5 (38) . The positions of the 3'-to-5' exonuclease domain and of the putative polymerase domain of gene S protein have been described (24) . The nine regions of homology between the Klenow fragment of E. coli DNA polymerase I and gene 5 protein are shown (39) . On the basis of sequence homology among several prokaryotic DNA polymerases, three highly conserved regions are postulated to encode the 3'-to-5' exonuclease active site (40) . The (42) . The Klenow fragment is folded into two distinct domains. The smaller, amino-terminal, domain contains the 3'-to-5' proofreading exonuclease activity ofthe enzyme (43) . The larger, carboxyl-terminal, domain displays a large cleft postulated to bind the primer-template (42) and contains the putative deoxyribonucleoside 5'-triphosphate (dNTP)-binding site where polymerization occurs (44) . Extensive amino acid sequence homology exists between the Klenow fragment ofE. coli DNA polymerase I, T7 gene 5 protein (Fig.  1) , and other DNA-dependent DNA polymerases (39, 45) . The strongest homologies between the Klenow fragment and T7 gene 5 protein include residues that form the putative DNA-binding groove (39) .
By tertiary structure inference, we can construct a speculative three-dimensional structure of gene 5 protein to position the suppressor mutations on this inferencegenerated structure. In the crystals of Klenow fragment, approximately 50 amino acid residues, lying at the tip of the "thumblike" protrusion over the DNA-binding crevice, are not well ordered (42) . It has been postulated that the function of this subdomain is to close the cleft, reducing the dissociation rate ofthe DNA substrate (39, 42 (13, 16 Genetic studies (24, 41) and DNA sequence homologies (39, 40) suggest that the 3'-to-5' exonucleolytic activity of gene 5 protein resides within the amino-terminal half of the protein (Fig. 1) . We suggest that three suppressor mutations (V3I, V32A, and A45T) are located within the 3'-to-5' exonucleolytic domain of T7 DNA polymerase. Because 
